Protection against Mycobacterium tuberculosis (Mtb) infection requires CD4 Tcells to migrate into the lung and interact with infected macrophages. In mice, less-differentiated CXCR3 þ CD4 Tcells migrate into the lung and suppress growth of Mtb, whereas CX3CR1 þ terminally differentiated Th1 cells accumulate in the blood vasculature and do not control pulmonary infection. Here we examine CD4 T-cell differentiation and lung homing during primary Mtb infection of rhesus macaques. Mtb-specific CD4 T cells simultaneously appeared in the airways and blood B21-28 days post exposure, indicating that recently primed effectors are quickly recruited into the lungs after entering circulation. Mtb-specific CD4 T cells in granulomas display a tissue-parenchymal CXCR3 þ CX3CR1 À PD-1 hi CTLA-4 þ phenotype. However, most granuloma CD4 Tcells are found within the outer lymphocyte cuff and few localize to the myeloid cell core containing the bacilli. Using the intravascular stain approach, we find essentially all Mtb-specific CD4 T cells in granulomas have extravasated across the vascular endothelium into the parenchyma. Therefore, it is unlikely to be that lung-homing defects introduced by terminal differentiation limit the migration of CD4 T cells into granulomas following primary Mtb infection of macaques. However, intralesional positioning defects within the granuloma may pose a major barrier to T-cell-mediated immunity during tuberculosis.
INTRODUCTION
CD4 T cells are critical for control of M. tuberculosis infection. [1] [2] [3] [4] In order to mediate protection, CD4 T cells must recognize major histocompatibility complex class II on the surface of infected macrophages within the lung tissue and deliver signals that instruct macrophages to restrict growth of their ingested bacilli through direct cell-to-cell interactions. 5 Therefore, the ability of Mycobacterium tuberculosis (Mtb)-specific CD4 T cells to migrate into the site of infection and interact with infected antigen presenting cells is key to protection during Mtb infection. In mice, interleukin-12 and T-bet-dependent CD4 T-cell differentiation generates distinct subsets of Mtb-specific Th1 cells with varying levels of protective capacity after primary infection. CXCR3 þ Th1 cells that express intermediate levels of T-bet are able to efficiently migrate out of the blood vasculature into the lung, expand and can adoptively transfer protection to infected T-cell-deficient recipient mice. [6] [7] [8] [9] In contrast, T cells that undergo extensive Th1 differentiation become CX3CR1 þ KLRG1 þ T-bet high terminal effector cells that cannot expand, poorly exit the pulmonary vasculature into the tissue parenchyma, and do not adoptively transfer protection. Although T-bet expression in CD4 T cells is required for interferon (IFN)-g production and host protection, 9, 10 T-bet haploinsufficient mice do not generate KLRG1 þ CD4 T cells and are more resistant to Mtb infection compared to wild-type mice. 11 Based on these observations in the murine model of Mtb infection, there is a hypothesis that the differentiation state of CD4 T cells is a major determinant of their protective capacity against Mtb infection and vaccination should aim to selectively promote the generation of less-differentiated CD4 T cells. 12 Indeed, it has been found in mice that vaccine strategies that generate memory T-cell populations that can resist terminal effector cell formation upon Mtb challenge are more protective. [13] [14] [15] It is not known, however, if the generation of Ag-specific non-protective terminal effector cells occurs in other species following Mtb infection or to what extent defects in CD4 T-cell migration into the lung due to terminal differentiation limits the overall protective quality of the Mtb-specific effector cell population.
After CD4 T cells extravasate across lung blood vascular endothelium, there is a subsequent phase of migration within the tissue as CD4 T cells locate Mtb-infected macrophages. In mice, there is relatively little structure to the organization of immune cells that cluster around sites of bacterial replication and true human-like granulomas do not form, at least not in the most commonly used inbred mouse strains. Therefore, the mouse model is not optimal for the study of intralesional leukocyte positioning and trafficking, and little is known about this aspect of T-cell function during tuberculosis in higher mammals. In contrast to mice, Mtb-infected non-human primates form complex, human-like granulomas with reproducibly identifiable and clearly demarcated cellular strata with distinct inflammatory microenvironments. 16, 17 Although tuberculosis granulomas can be classified into many subtypes with very different outcomes, in general, CD3 þ cells are abundant in a cuff circumscribing a central macrophage-rich region where the bacteria reside and very few lymphocytes are immediately proximal to infected macrophages. [18] [19] [20] Therefore, both transendothelial diapedesis as well as the intalesional positioning of effector CD4 T cells are potential points of failure in T-cell trafficking in the setting of tuberculosis.
Here we examine the differentiation state of Mtb-specific effector CD4 T cells generated after low-dose Mtb infection of rhesus macaques. We find that rhesus macaque CD4 T cells do not undergo terminal differentiation during the clonal expansion phase and display markers of lung tissue-parenchymal cells following pulmonary Mtb infection. Using the intravascular staining technique, we show that CX3CR1 þ CD4 T cells found in uninfected rhesus macaques are localized to the Figure 1 Variable disease severity following ultra-low dose Mtb infection of rhesus macaques. Six rhesus macaques were exposed to 41 cfu Mtb-Erdman strain via bronchoscope. (a) Only one of the six animals became infected (ZK02) as confirmed by 18 FDG positron emission tomographycomputed tomography (PET/CT) scan. (b) The five remaining animals were confirmed negative as described in the text and then re-exposed to 6-10 cfu. 18 FDG PET/CT scans were taken pre-infection and B2 months post infection, just before necropsy. The day post infection of the scan is indicated in white letters on each scan. It is worth noting that the catheter is visible as a bright spot in the pre-infection scan of animal ZL43. (c) Standard uptake value ratio (SUVR) values were calculated for lung and pulmonary lymph nodes of infected animals. (d) Weight loss was monitored following infection. (e) Correlation between total SUVR in lung and pulmonary lymph nodes and percent weight loss at time of 18 
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MucosalImmunology | VOLUME 11 NUMBER 2 | MARCH 2018 lung-associated blood vasculature, indicating that the poor lung-homing of this subset of CD4 T cells is similar between mice and rhesus macaques. However, Mtb-specific effector cells rarely express CX3CR1 and almost all CD4 T cells in granulomas have migrated out of the blood vasculature into the tissue parenchyma. We quantify T-cell distribution into different regions of granulomas in macaques infected with Mtb-RFP and find that B1-5% of CD4 T cells in granulomas are localized within the myeloid cell rich core containing the bacilli, similar to what has been thought previously. Therefore, although CD4 T cells efficiently enter the lungs of Mtb-infected rhesus macaques, poor migration within granulomas may represent a major limitation in the effectiveness of CD4 T cell-mediated protection against tuberculosis.
RESULTS

Variable disease severity following ultra-low dose Mtb infection of rhesus macaques
Six rhesus macaques were exposed to an ultra-low dose of Mtb-Erdman. In this first round of exposure the bacterial inoculum was diluted to an undetectable number of bacteria as measured by colony forming units (CFUs). Nonetheless, one of the six animals (ZK02) displayed evidence of infection. Animal ZK02 developed a large lesion in the lower right lobe at the site of instillation as shown by the 18 FDG positron emission tomography-computed tomography (PET/CT) scan on day 56 post infection ( Figure 1a ). None of the remaining five animals displayed signs of infection. First, they remained healthy and no purified protein derivative (PPD) skin test reactions were detected. Second, we obtained weekly blood and bronchoalveolar lavage (BAL) samples for 6 weeks and could not detect Mtbspecific CD4 T-cell responses by intracellular cytokine staining (data not shown). Lastly, we obtained 18 FDG PET/CT scans before the second infection attempt and found no evidence of disease ( Figure 1b) . Therefore, these animals were considered uninfected and were re-exposed to a second instillation of 6-10 CFU of Mtb-Erdman. All remaining five animals became infected after this second round of exposure. Approximately 2 months following infection, 18 FDG PET/CT scans revealed extensive pulmonary inflammation and large lesions in the lower right lobe at the site of instillation and pulmonary lymph nodes in every animal. Although all animals showed a similar pattern of disease, the total PET hot activity in the lung varied by more than 10-fold. After normalizing the lung 18 FDG uptake to a portion of the cylinder muscle, the total standard uptake value ratio (SUVR) for the entire lung ranged from around 3.2 Â 10 4 SUVR (ZK38) to over 1.6 Â 10 6 SUVR (ZK17) ( Figure 1c ). The total 18 FDG avidity from all pulmonary lymph nodes ranged between 1.37 Â 10 4 SUVR (ZL43) through 1.9 Â 10 5 SUVR (ZJ01) ( Figure 1c ). It is noteworthy that ZK02 was infected with 41 cfu, whereas the other animals were exposed to 6-10 cfu as described in Figure 1 . Numbers represent the frequency of TNF þ CD4 T cells following stimulation with ESAT-6/CFP-10 peptide pools.
The amount of weight loss varied from a slight gain in weight to 410% loss by 2 months post infection ( Figure 1d ). Interestingly, weight loss at the final time point inversely correlated with lung total SUVR ( Figure 1e ). We also found that PET hot values from individual large lesions at the instillation sites and lymph nodes correlated well with bacterial loads (Figure 1f ). This is consistent with previous reports that 18 FDG uptake in individual granulomas correlates with bacterial burden in Mtb-infected monkeys. 21, 22 Taken together, these data show that an undetectable number of bacteria are able to establish infection and cause disease in some exposed macaques, and after exposure to only 6-10 organisms all animals become infected and develop mild to severe disease by B2 months post infection. This highlights the relatively high susceptibility of rhesus macaques to the Erdman strain of Mtb.
Kinetics of Ag-specific CD4 T-cell responses in the airways following Mtb infection
Blood draws and BAL samples were taken weekly during the course of infection for all six animals. Bacteria first became detectable in the BAL at Bday 21 post infection and although there was a high degree of variability, all animals had detectable levels of bacteria in the BAL fluid at least at two different time points (Figure 2a ). Notably, BAL fluid from animal ZK17, which had the highest 18 FDG uptake in the lung, was consistently positive for the presence of bacteria after week 4 and showed the highest numbers of bacteria ( Figure 2a) .
To compare the kinetics of Mtb-specific CD4 T-cell responses in circulation versus the airways, Ag-specific CD4 T cells were measured by intracellular cytokine staining following a 6 h stimulation with a mixture of peptide pools from ESAT-6 and CFP-10 ( Figure 2b) . Antigen-specific CD4 T cells first became detectable in both the blood and BAL at Bday 21-28 post infection (Figure 2b,c) . Strikingly, we observed remarkably high frequencies of CD4 T cells specific for these two antigens in the BAL, reaching upwards of B20-35%, as compared with peak frequencies of B1 to 4% in the blood. It is also interesting to note that responses tended to continually increase in the BAL until the time of necropsy, whereas in the blood the peak response was between week 5 to week 7 for most animals. Therefore, the primary Ag-specific effector CD4 T-cell response appears simultaneously in the blood and BAL, and reaches much higher frequencies at the site of infection.
Ag-specific CD4 T-cell responses in tissues of Mtb-infected rhesus macaques
We next quantified the ESAT-6/CFP-10-specific CD4 T-cell response in different tissues at necropsy ( Figure 3a) . Similar to the dramatic enrichment for Ag-specific CD4 T cells we observed in the airways compared with the blood, we found that the frequency of the Mtb-specific CD4 T-cell response was much greater in large instillation site lesions as compared to lymphoid tissues (Figure 3b ). Individual granulomas were also excised at the time of necropsy and processed for bacterial burden and flow cytometry analysis. As has been previously reported, 23 there was tremendous variability in the magnitude of the Ag-specific CD4 T-cell response in the granulomas between different animals as well as among granulomas within any individual animal ( Figure 3c ). Interestingly, animals ZK38 and ZL43, which had no weight loss, the lowest PET hot signals and the largest CD4 T-cell responses in the airways also had the largest CD4 T-cell responses in individual granulomas. In contrast, animals ZJ01 and ZK17, which were clinically the most ill, displayed the most 18 FDG uptake, and lost the most weight had very few viable Ag-specific CD4 T cells ( Figure 3c ). Therefore, in general, animals that maintained robust Mtbspecific CD4 T-cell responses in granulomas fared much better than animals that displayed lower frequencies of specific CD4 T cells at the time of necropsy.
Bacterial loads in individual granulomas also varied greatly within each animal, with CFU values varying B1-3 logs in individual animals ( Figure 3d ). Finally, we asked whether the frequency of ESAT-6/CFP-10-specific CD4 T cells correlated with bacterial loads in individual granulomas ( Figure 3e ). The granulomas with the smallest CD4 T-cell responses tended to be those with either the highest or lowest bacterial load, whereas granulomas with the highest CD4 T-cell responses tended to be those with intermediate CFU values, resulting in a weak Gaussian distribution. Regardless, we did not find evidence that the magnitude of the CD4 T-cell response in individual granulomas is a predictor of bacterial control. However, we cannot rule out the possibility that CD4 T cells specific to other Mtb antigens may be better predictors of bacterial burdens.
Few CX3CR1 expressing Ag-specific CD4 T cells develop during Mtb infection of rhesus macaques
Ourselves and others have previously demonstrated that the differentiation state of Mtb-specific CD4 T cells has a dramatic impact on their ability to migrate into the lung and control Mtb growth. 7, 8 CXCR3 þ Mtb-specific CD4 T cells are able to enter the lung tissue and can suppress bacterial growth after adoptive transfer into infected T-cell-deficient recipient mice. In contrast, CX3CR1 þ CD4 T cells accumulate in the lungassociated blood vasculature, poorly enter the lung tissue, and do not transfer protection to infected T-cell-deficient mice. To test whether the Mtb-specific CD4 T-cell response in rhesus macaques also comprised these two major protective and nonprotective subsets, we measured CXCR3 and CX3CR1 expression on ESAT-6/CFP-10-specific CD4 T cells in the blood and BAL over the first B2 months of infection (Figure 4a,b ). We observed that almost all Ag-specific CD4 T cells expressed CXCR3 in both the blood and BAL, whereas there was very little or no expression of CX3CR1 on Mtbspecific CD4 T cells. The highest level of CX3CR1 expression on Mtb-specific CD4 T cells we observed was in animals ZK26 and ZK17 (B20-35%) in the blood at day 21, but the levels dropped off dramatically thereafter. Similarly, the ESAT-6/CFP-10specific CD4 T cells from lymph nodes, large instillation site lesions, and granulomas expressed high levels of CXCR3 but little to no CX3CR1 (Figure 4c,d) . Therefore, unlike mice where approximately half of the ESAT-6-specific CD4 T cells express CX3CR1, indicating a terminal effector phenotype, we observed very few CX3CR1 þ Ag-specific CD4 T cells in Mtbinfected rhesus macaques.
We also measured the expression of CCR5 (another Th1associated chemokine receptor), CCR6 (which has been found on human Mtb-specific CD4 T cells in latently infected individuals), [24] [25] [26] and CXCR5 (which is expressed on Tfh or memorylike CD4 T cells) on ESAT-6/CFP-10-specific CD4 T cells in several different tissues at the time of necropsy (Figure 4c,d) . In each tissue, we observed the same hierarchy of chemokine receptor expression on Mtb-specific CD4 T cells: CXCR34CCR54CCR6 with little or no CX3CR1 and CXCR5. Therefore, Mtb-specific CD4 T cells in acutely infected rhesus macaques largely express the Th1 chemokine receptors CXCR3 and CCR5, which is consistent with previous reports in macaques. 27 
Expression of co-inhibitory molecules PD-1 and CTLA-4 on Mtb-specific CD4 T cells is increased at sites of infection
In the mouse model of tuberculosis, the co-inhibitory receptors PD-1 and CTLA-4 have been found to be selectively expressed by Mtb-specific CD4 T cells that have migrated into the lung tissue parenchyma. 7, 8, 28 In fact, in some studies PD-1 has been used as a surrogate marker for the host-protective subset of CD4 T cells in Mtb-infected mice. 8, 15 Therefore, we examined the expression of PD-1 and CTLA-4 on Mtb-specific CD4 T cells in various tissues of infected macaques. We found that the gMFI of PD-1 expression on ESAT-6/CFP10-specific CD4 T cells was higher in granulomas compared with the blood, spleen, and lymph nodes (Figure 5a,b) . Interestingly, we also noted that PD-1 expression on ESAT-6/CFP-10-specific and PPD-specific CD4 T cells was higher compared with TB10.4specific CD4 T cells when we compared samples for which we had all three stimulation conditions (Figure 5c,d) . CTLA-4 expression was lowest on ESAT-6/CFP-10-specific CD4 T cells in the blood, spleen, and BAL, and highest on cells in the lymph nodes, instillation site lesions, and granulomas (Figure 5e,f) . Interestingly, when combining samples isolated from different tissues, we observed a significant correlation between the gMFI of PD-1 on Mtb-specific CD4 T cells and the fraction of cells that expressed CTLA-4 ( Figure 5g ). Therefore, Mtb-specific CD4 T cells express relatively high amounts of PD-1 and CTLA-4 at the site of Mtb infection.
Poor penetration of CD4 T cells into the infected macrophage core of granulomas
It has been previously shown that the majority of lymphocytes in granulomas are present in a peripheral ring circumscribing the lesion, often referred to as the lymphocyte cuff, but CD4 T cells themselves have not been directly addressed. 17, 29, 30 Therefore, we sought to quantify the localization of CD4 T cells into different regions of the granuloma. To do so, immediately after resection we embedded live granulomas in agarose and cut 300-400 mm-thick sections that were then stained and imaged by confocal microscopy in the BSL3 without fixation (Figure 6a ). We identified several distinct regions working from the peripheral edge inward (Figure 6b ). The outermost region was defined as the lymphocyte cuff, which is rich in CD4 þ T cells and interspersed with CD11b þ cells. We repeatedly observed a gap in CD11b staining between the lymphocyte cuff and CD11b þ core. This region may represent an area of fibrosis or epithelioid macrophages. However, we have not directly demonstrated either, so here we will refer to the non-staining region between the lymphocyte cuff and the core as the granuloma lacunar zone. We also noticed that CD4 T cells were often found lining up at the edge of the inner core, so we identified the boundary of the CD11b þ core as a distinct region. Lastly, we identified the CD11b þ myeloid cell rich core.
We calculated the percentage of total granuloma CD4 T cells that are present in each region of the granuloma to measure their distribution. As expected, the vast majority of CD4 T cells were in the outer regions of the granuloma and the percentage of CD4 T cells in each region fell progressively towards the center of the granuloma (Figure 6c) . On either extreme, B65% of CD4 T cells localized into the lymphocyte cuff and only B3% of the total CD4 T cells were in the myeoid cell core, presumably where the bacteria are located. We next sought to confirm these observations and examine the distribution of CD4 T cells in granulomas from animals infected with a less virulent strain of Mtb, H37Rv. Two additional rhesus macaques were infected with B8 CFUs of H37Rv-RFP, which also allowed us to visualize the bacteria. In contrast to the Mtb-Erdman infected animals, these macaques had neither developed large consolidation-like lesions at the site of instillation nor shown any signs of disease by the time of necropsy (day 42 and 49). We also observed far fewer granulomas in the H37Rv-RFP-infected animals (B5-7 granulomas in H37Rv-RFP versus B30-80 in Erdman). The reduced disease may have resulted from the decreased virulence of H37Rv compared with Erdman in nonhuman primates (NHP), 31 bacterial attenuation introduced by the red fluorescent protein (RFP) reporter, and/or the lack of repeated BAL sampling during infection. We stained the granulomas for laminin to identify blood vessels, CD4, and CD11b (Figure 6d) . Similar to the Mtb-Erdman granulomas, we found that B75% of CD4 T cells were in the lymphocyte cuff, with only B1-17% CD4 T cells having migrated past the border of the central myeloid cell core where the bacteria are located (Figure 6e and Supplementary Movie online). Combining the data sets from all of the six granulomas imaged, only 4.6 ± 2.2% of all CD4 T cells in the granuloma have entered the central region. Therefore, the vast majority of CD4 T cells inside of granulomas are not in contact with Mtb-infected cells.
Intravascular staining to measure migration of Ag-specific effector CD4 T cells out of the blood into pulmonary lesions in Mtb-infected rhesus macaques
Mtb-specific effector CD4 T cells in rhesus macaques display a phenotype similar to the subset of CD4 T cells in mice that is able to extravasate out of the blood into the lung tissue (CXCR3 þ PD-1 þ CTLA-4 þ CX3CR1 À ). However, at the same time, the CD4 T cells are almost entirely localized to the outer zone of the granuloma, which may be due to poor extravasation out of vessels. Therefore, we next sought to directly quantify the parenchymal versus intravascular localization of Mtb-specific effector CD4 T cells.
In order to quantify the fraction of CD4 T cells localizing within blood vessels, we adapted the flow cytometry-based intravascular staining approach commonly applied in mouse studies for use in macaques. 32 In short, anesthetized macaques were intravenously infused with a biotinylated anti-macaque CD45 mAb, and B10 min later the animals were exsanguinated, sacrificed, and necropsied. Initially, we tested the technique on an uninfected macaque (Figure 7a ). Blood taken immediately before infusion was completely negative for iv stain, whereas blood taken just before euthanasia was uniformly positive. CD4 T cells isolated from the airways were completely iv stain negative, whereas lung tissue CD4 T cells showed the typical iv stain-positive and -negative populations observed in murine studies. Moreover, iv stain-negative CD4 T cells in the lung were greatly enriched for CD69, a marker for tissue resident T cells (Figure 7a ). The technique also identified intravascular and parenchymal CD4 T cells in other tissues such as the lymph node and brain, and again CD69 þ cells were greatly enriched in the iv stain-negative populations (Figure 7a) . Moreover, we found that CX3CR1 þ CD4 T cells obtained from lung tissue in an uninfected macaque were uniformly iv stain positive (Figure 7b) . Collectively, these results indicate that the intravascular staining approach can be used to quantify lymphocyte migration into tissues in rhesus macaques and CX3CR1 þ terminal effector CD4 T cells localize predominately within lung blood vessels as we have previously reported in mice.
We used the intravascular staining approach to quantify the localization of Mtb-specific CD4 T cells within various tissues of infected rhesus macaques B2 months after infection. As expected, ESAT-6/CFP-10-specific CD4 T cells were iv stain positive in the blood and negative in the BAL (Figure 7c,d) .
Interestingly, we observed that in instillation site lesions and lung granulomas, there were little to no intravascular Mtbspecific effector CD4 T cells. These results are consistent with the lack of CX3CR1 þ terminal effector CD4 T cells in rhesus macaques, but contrast dramatically with mice. Collectively, these results show that in rhesus macaques, the vast majority of primary Mtb-specific effector CD4 T cells are efficient lunghoming cells, and very few adopt the intravascular terminal effector phenotype. Moreover, these data indicate that poor localization of effector CD4 T cells into the central region of the granuloma is not due to defects in transendothelial diapedesis.
DISCUSSION
Data from mice have shown that the protective capacity of Mtbspecific Th1 cells is tightly linked to T-cell differentiation state, largely due to changes in lung-homing ability that occur as Th1 cells progressively differentiate. Although interleukin-12/Tbet-driven CD4 T-cell polarization is required for Th1 cell generation and secretion of IFNg, extensive differentiation leads to the generation of terminal effector cells that neither migrate into the lungs nor mediate control of Mtb infection in adoptive transfer experiments. Therefore, T cells with intermediate levels of Th1 differentiation display the best protective capacity in murine studies. Here we tested these hypotheses arising from basic murine model studies in non-human primates by examining the differentiation and lung-homing of effector CD4 T cells following primary Mtb infection. We found that, unlike mice, the Mtb-specific CD4 T cells in this group of rhesus macaques did not undergo terminal differentiation into a CX3CR1 þ CXCR3 low phenotype during the primary clonal burst. Instead, the responding effector CD4 T cells display markers consistent with parenchymal cells from mouse studies including: CXCR3 þ PD-1 þ CTLA-4 þ . Moreover, using the intravascular staining technique, we find no accumulation of intravascular effector CD4 T cells in rhesus macaques. We did observe a small amount of CX3CR1 expression on Mtb-specific CD4 T cells, but only at a lower MFI and on cells that had not downregulated CXCR3. This is a phenotype consistent with a recent study showing that CX3CR1 dim cells are a unique subset of T cells that are more similar in functional properties to less-differentiated cells, including tissue homing. 33 Therefore, these data indicate that the great majority of macaque CD4 T cells do not ''overpolarize'' and become terminal effectors that cannot enter the lung, as is observed in the mouse.
We should point out, however, that terminal differentiation may occur in other settings of Mtb infection, such as during chronic tuberculosis or after priming macaques with different vaccine vectors. Our data do confirm that CX3CR1 þ terminal effector CD4 T cells in NHP also poorly migrate out of the blood vasculature and into the lung, so even if terminal effectors cells are not generated after natural infection, vaccines that selectively induce CX3CR1 þ Mtb-specific CD4 T cells may be less desirable. Monitoring CD4 T cells for the expression of CXCR3 and CX3CR1 may give insight into the lung-homing capacity of the vaccine-generated T cells in future studies.
We observed other informative differences in the quality of Mtb-specific CD4 T cells in macaques compared with mice. In particular, we detected CCR6 expression (normally associated with Th17 polarized cells) on a fraction of Mtb-specific CXCR3 þ IFNg-producing CD4 T cells, which is not observed in mice. Human Mtb-specific CD4 T cells have been reported several times previously to co-express CXCR3 and CCR6, thereby bearing markers of both Th1 and Th17 cells, but primarily produce IFNg and not interleukin-17A. 24, 25, 34, 35 Macaque CD4 T cells seem to more closely resemble human CD4 T cells in this respect, although we only observed CCR6 on a subset of CXCR3 þ CD4 T cells in macaques as compared with a majority of CXCR3 þ cells as has been reported in humans. CXCR3 þ CCR6 þ CD4 T cells, sometimes referred to as Th1*, Th1/Th17, or Th17.1 cells, have been observed in several different clinical conditions including multiple sclerosis 36 and sarcoidosis, 37 and found to be dependent on interleukin-1b for their generation. 38 Interestingly, CXCR3 þ CCR6 þ CD4 T cells in individuals with inborn errors in RORC have defective IFNg production and these individuals are unable to control mycobacterial infections. 39 Therefore, our data are consistent with previous data showing that CD4 T cell polarization in human Mtb infection primarily generates mixtures of less-differentiated Th1 as well as Th1* cells rather than the highly focused and extensive Th1 differentiation seen in C57BL/6 mice. Collectively, these data show that defects in CD4 T-cell migration into granulomas are unlikely to contribute to the poor control of Mtb infection.
However, although we show that CD4 T cells in Mtb-infected rhesus macaques efficiently migrate out of the blood vessels into the pulmonary lesions, here we also confirm that CD4 T cells progressively decrease in abundance approaching the infected macrophage-rich center of the granuloma. This was true even in granulomas at relatively early time points. Given the murine model data indicating that CD4 T cells must interact with macrophages to suppress the growth of Mtb infection, this defect in intralesional positioning may pose a major barrier to CD4 T-cell-mediated control of Mtb infection. Indeed, this raises the basic question of what are the mechanisms that regulate the penetration of CD4 T cells into the infected granuloma core. Assuming that the small subset of CD4 T cells that does enter the central core are responsible for supplying help to infected myeloid cells, a more practical implication is that the number of Ag-specific CD4 T cells in a granuloma does not reflect the actual number of protective T cells. Regardless of the total number of Ag-specific CD4 T cells inside of granulomas, the actual local effector:target ratio may be far below what is required for proper macrophage help and bacterial clearance. From this perspective, data obtained from the study of peripheral blood cells or even BAL cells seem difficult to interpret.
In all, the data presented here have failed to support the original hypothesis developed in mouse models and instead highlight the importance of a long-recognized but relatively unexplored aspect of CD4 T-cell behavior in tuberculosis. Although it has been known for decades that lymphocytes are rare in central regions of granulomas, almost nothing is known about the signals governing CD4 T-cell entry into granulomas or the mechanisms regulating how they distribute themselves throughout the granuloma after extravasation across the blood vascular endothelium. A better understanding of the basic immunological mechanisms that regulate leukocyte trafficking within granulomas may give insight into the underlying defects in host resistance to Mtb infection. METHODS Animals, infections, and CFU quantification. Six healthy, PPD skin test negative rhesus macaques originally from the Morgan Island NIH breeding colony were chosen for this study and housed in a Biosafety Level 3 vivarium. All six animals were exposed to an ultra-low dose (o1 cfu) of Mtb-Erdman strain via bronchoscopic instillation into the lower right lung lobe. Dose was confirmed by plating of inoculum onto 7H11 agar plates, which grew zero colonies. One animal (ZK02) became infected as confirmed by PPD skin test, the presence of an antigen-specific T-cell response, and the presence of severe disease by PET/CT scan. The remaining five animals were negative for the presence of Mtb infection as confirmed by those same parameters. Those five were then re-exposed to an ultra-low dose (6-10 cfu) via the same method. The presence of infection after the second exposure was confirmed. All CFU measurements were generated by serial dilutions on 7H11 agar plates supplemented with OADC (Difco, Detroit, MI). For the H37Rv-RFP infection, the animals were bronchoscopically exposed to B8 CFUs.
The animals were housed in non-human primate bio-containment racks and maintained in accordance with the Animal Welfare Act, the Guide for the Care and Use of Laboratory Animals, and other Federal statutes and regulations relating to animals, in a fully Association for Assessment and Accrediation of Laboratory Animal Care (AAALAC)accredited facility. Housing was in accord with the National Institute of Allergy and Infectious Diseases Division of Intramural Research Animal Program Policy on Social Housing of Non-Human Primates.
The animals were fed a high fiber commercial diet that contains 20% protein twice a day (2050 Harlan Teklad Global Primate Diet, Envigo, Huntingdon, UK). Fruit supplements (various fresh fruits) are given at least three times per week. Animals receive water and PRANG oral rehydrator (Bio-Serv, Flemington, NJ) daily in water bottles with sipper tubes. Daily environmental enrichment is provided in the form of various hanging devices, manipulanda, and a variety of food items such as PRIMA treats (Bio-Serv, Flemington, NJ), peanut butter, Nutrablocks Sample collection. Blood and BAL collections were performed weekly through the course of infection. An aliquot was taken for CFU measurement. Subsequently, peripheral blood mononuclear cells were isolated using Ficoll-paque PLUS gradient separation (GE Healthcare Biosciences, Pittsburgh, PA). For BAL collections, tubing was inserted into the trachea with assistance using a laryngoscope, whereupon saline was instilled and immediately aspirated. An aliquot was taken for CFU and cells were isolated for flow cytometry analysis.
Intravascular stain. Before injection and euthanasia, blood was drawn as a negative stain control. Fifty to 100 mg kg À 1 of aCD45-biotin (clone MB4-6D6, Miltenyi Biotec, San Diego, CA) was diluted into 20 ml of sterile saline and injected into the saphenous vein. After 10 min, the animal was exsanguinated and humanely euthanized. Lymphocytes were isolated from the blood as described above. Cells were then stained with a fluorochrome-labeled streptavidin during the flow cytometry staining protocol and analyzed.
Lymphocyte isolation, in vitro stimulation, and flow cytometry.
Upon resection, lungs and instillation site lesions were minced and enzymatically digested using a gentleMACS dissociator (Miltenyi Biotec) in RPMI-1640 medium supplemented with 1 mg ml À 1 Collagenase D (Roche-Diagnostics, Indianapolis, IN), 1 mg ml À 1 hyaluronidase, and 50 U ml À 1 DNase 1 (both from Sigma-Alrich, St Louis, MO). Homogenates were then passed through a 100 mm cell strainer and enriched for lymphocytes using a 25%/50% Percoll density gradient centrifugation. Granulomas were simply mashed through a 100 mm cell strainer and cells collected for analysis.
For T-cell stimulations, cells were incubated for 6 h at 37 1C in X-Vivo 15 media supplemented with 10% fetal calf serum and brefeldin A, and monensin along with 1 mg ml À 1 ESAT-6/CFP-10 peptide pools, 1 mg ml À 1 TB10.4 (all from BEI Resources, Manassas, VA), and 10 mg ml À 1 PPD (Statens Serum Institut, Copenhagen, Denmark). Cells were then stained with various combinations of the following fluorochrome-labeled antibodies: CD3 (SP34-2), CD4 (OKT4), CD8 (RPA-T8), CCR5 (3A9), CCR6 (11A9), CXCR3 (G025H7), CXCR5 (MU5UBEE), CX3CR1 (K0124E1), PD-1 (EH12.2H7), CTLA-4 (14D3), tumor necrosis factor (MAB11), IFNg (4S.B3), CD69 (FN50), and Fixable Viability Dye eFluor 780, all purchased from BioLegend, eBioscience (San Diego, CA), or BD Biosciences (San Jose, CA). All samples were acquired on a BD LSRfortessa flow cytometer and analyzed using FlowJo software (Version 10.0.8, Tree Star, Ashland, OR). Supplementary Figure 1 shows a typical gating strategy.
PET/CT scans and analysis. All PET/CT scans were performed using a hybrid system that includes a micro-PET Focus 220 scanner (Siemens Molecular Solutions, Knoxville, TN) and an eight-slice helical CT scanner (Neurologica , Danvers, MA). Calculations for a standardized uptake value ratio (SUVR) were made by dividing the total metabolic activity (SUV42.3) of either the entire lung or individual instillation site lesions and pulmonary lymph nodes by the cylinder muscle value to normalize for scan differences, as described previously. 40 All calculations were made using OsiriX MD (version 8.0.2, Pixmeo, Switzerland).
Confocal microscopy of live granuloma sections. Granulomas were kept on ice, in 1% fetal bovine serum in phosphate-buffered saline. Preheated 2% agarose (Lonza, Basel, Switzerland) in RPMI was chilled to 37 1C and immediately poured over the granulomas in a Petri dish and placed on ice. Upon agarose gel polymerization, agarose gel was sliced into 300-350 mm sections using Leica VT1000 S Vibrating Blade Microtome (Leica Microsystems, Wetzlar, Germany) at speed 5, in icecold phosphate-buffered saline. Tissue sections were stained with fluorescently labeled anti-CD4, -CD11b, -CD8, -CD20, or -CD31 antibody of choice (eBioscience) for 2 h on ice. After staining sections were washed three times and cultured in complete lymphocyte medium (Phenol Red-free RPMI supplemented with 10% fetal bovine serum, 10% rhesus plasma, 25 mM HEPES, 50 mM b-ME, 1% Pen/Strep/L-Glu and 1% sodium pyruvate) in humidified incubator at 37 1C. Tissue sections were allowed complete recovery in the incubator for 12 h before imaging. Sections were imaged using Leica SP5 inverted 5 channel confocal microscope equipped with an Environmental Chamber (NIH Division of Scientific Equipment and Instrumentation Services, Bethesda, MD) to maintain 37 1C and 5% CO 2 . Microscope configuration was set up for four-dimensional analysis (x,y,z,t) of cell segregation and migration within tissue sections. Diode laser for 405 nm excitation; Argon laser for 488 and 514 nm excitation, DPSS laser for 561, and HeNe lasers for 594 and 633 nm excitation wavelengths were tuned to minimal power (between 1 and 5%). Z-stacks of images were collected (10-50 mm). Mosaic images of complete granuloma sections were generated by acquiring multiple Z-stacks using motorized stage to cover the whole section area and assembled into a tiled image using LAS X (Leica Microsystems) software. Post-acquisition images were processed using Imaris 8.4.1 (Bitplane) software for quantification and visualization. Localizations of the cells in granulomas were identified based on fluorescence intensity using spot function of Imaris and divided into four different regions based on localization using surface three-dimensional reconstruction and channel masking method.
Statistical analysis. All statistical analysis was performed in Prism (GraphPad Software, La Jolla, CA). Two-tailed t-test, paired t-test, one-way analysis of variance with Fisher's least significant different test for multiple comparisons were used in the analysis. SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
